ABSTRACT Our goal was to determine if relative bioavailability values (RBV) for fats and oils (lipids) determined in adult roosters are different than RBV determined with young broiler chickens. Lipids that were expected to have widely varying ME content were evaluated using a slope-ratio approach in adult roosters (Exp. 1) via the precision-fed rooster assay (PFRA) and broiler chicks via a growth assay (Exp. 2). The same lipids were tested in both experiments and were refined corn oil (RCO), a 2:1 blend of stearic acid (C18:0) with RCO (SAB1), a 1:1 blend of C18:0 with RCO (SAB2), tallow (TW), poultry fat (PF), and corn oil from a corn ethanol plant (DDGSCO). In Exp. 1, roosters were tube-fed diets containing 0, 5, and 10% of supplemental lipid in ground corn. In Exp. 2, diets consisted of 0, 5, and 10% supplemental lipid in an amino-acid fortified corn-soybean meal diet. Chicks were limit-fed test diets from 10 to 20 d posthatch to maintain energy as the growth-limiting factor. The TME n of diets or BW gain of chicks were regressed on supplemental lipid level. The RBV were calculated as the regression coefficient of the test lipid divided by that of RCO. For Exp. 1 a non-linear response was observed for SAB2; however, the RBV for SAB1 (22%), TW (72%), PF (96%), and DDGSCO (90%) were as expected. The RBV of SAB1 and TW were lower (P < 0.001) than RCO, while PF and DDGSCO were not different than RCO. For Exp. 2, BW increased linearly in proportion to the energy content of the lipid sources. The RBV of SAB1 (22%), SAB2 (46%), and TW (76%), were lower (P < 0.001) than RCO, while PF (96%) and DDGSCO (97%) were not different than RCO. Excellent agreement was obtained for RBV between the two assays, with rooster and chick values being similar and the ranking of the lipids being the same for the two assays.
INTRODUCTION
postulated that in order for ME values for feed ingredients to be practically relevant to the poultry industry, two fundamental assumptions must be met. The first was that the ME values of ingredients must be additive (i.e., independent of each other), and the second was that ME values must not be dramatically affected by bird age. Invalidation of the additivity assumption would mean that a single ME value for a feedstuff would be meaningless except in the exact diet in which it was evaluated, and an effect of bird age would mean multiple ME values would have to be obtained and used in diet formulation for each feedstuff. It has been concluded that these 2 assumptions are adequately met for all feed ingredients except for dietary fats and oils (lipids) (Sibbald et al., 1961; Sibbald and Price, 1977) , and that the accuracy of existing methodologies and resulting ME values for lipids are questionable (Sibbald and Slinger, 1963; Ravindran et al., 2016) .
The lack of additivity is most obvious and effect of bird age potentially most problematic when the ME of lipids is determined via the precision-fed rooster assay (PFRA). The PFRA has been used to determine the ME content of a wide variety of feedstuffs since its popularization by Sibbald (1976) , and has the advantages of being rapid and simple. However, likely due to the correction for endogenous energy losses, the PFRA is particularly prone to demonstrate extra-metabolic effects (where the measured ME value of the lipid exceeds its gross energy value), making the resulting ME values of limited practical worth (Horani and Sell, 1977; Mateos and Sell, 1980a) . Furthermore, the PFRA uses adult roosters, which raises the question as to the applicability of these values to diet formulation for young growing birds.
The extra metabolic effect is complex, but is likely due to non-additivity of basal diet and supplemental lipid ME values due to synergistic interactions between the basal and the supplemental lipid (Sibbald and Kramer, 1980a) . When lipid is added to a diet, there may be synergistic interactions between the supplemental lipid and the non-lipid components of the diet (e.g., carbohydrates, proteins) which leads to greater utilization of the non-lipid components of the diet when in the presence of supplemental lipid, and thus nonadditivity (Mateos and Sell, 1980b,c; 1981a) . This is thought to be caused by a reduction in passage rate leading to greater time for digestion and absorption of nutrients and energy (Mateos and Sell, 1980c; 1981b; Mateos et al., 1982; Squires et al., 1991) .
Supplemental lipid is also believed to have synergistic interactions with the fatty acids (FA) contained in the other ingredients in the diet. This is especially true for cereal grains that contain higher levels of predominantly unsaturated FA such as corn, and less so for diets based on wheat (Horani and Sell, 1977; Sibbald and Kramer, 1978; . This likely represents greater uptake of total dietary FA due to the presence of the unsaturated FA in the non-supplemental lipid ingredients (Fuller and Dale, 1982) . Similar synergistic results are well known to occur when saturated lipids such as tallow are mixed with unsaturated lipids such as soybean oil. The mechanism behind this synergism can be understood by the work of Ketels and De Groote (1989) , who clearly showed that lipid digestibility and AME n increased dramatically as the ratio of unsaturated to saturated (U:S) FA in the complete diet increased up to an ideal ratio of about 4:1.
Young poultry are not hatched with digestive systems that are fully optimized for nutrient and energy digestion and absorption (Jin et al., 1998) . The ability of poultry to utilize dietary nutrients and energy tends to increase with age, with the most drastic changes in the first few weeks of life (Batal and Parsons, 2002; Thomas et al., 2008) . While these same trends are evident for lipid utilization, it is most pronounced with very young birds fed lipid sources high in saturated FA (Duckworth et al., 1950; Whitehead and Fisher, 1975; Lessire et al., 1982; Sell et al., 1986; Wiseman and Lessire, 1987) and free FA content . There is also evidence of a negative interaction between degree of saturation, free FA content, and level of lipid inclusion in the diet with the most negative effects seen in very young birds . The inability of the young bird to optimally utilize dietary lipids is primarily due to limited production or recycling of bile salts (Gomez and Polin, 1974; Garrett and Young, 1975; 1976; Kussaibati et al., 1982; Krogdahl, 1985; Zhang et al., 2011) , and insufficient production of pancreatic lipase (Garrett and Young, 1975; Gomez and Polin, 1976; Jin et al., 1998) .
Our laboratory has previously developed a sloperatio approach in combination with the PFRA that quantifies lipid utilization relative to a reference standard (Aardsma and Parsons, 2016) . All lipids evaluated in our first report were relatively well utilized with relative bioavailability values (RBV) primarily greater than 80%. As not all feed-grade lipids may fall within this highly utilized range, further work was needed in order to determine if the slope-ratio PFRA approach was valid with lipids of low and moderate available energy content. Therefore, our objectives were to: (1) further evaluate the slope-ratio PFRA for lipids varying greatly in available energy content and (2) determine if lipid RBV determined with adult roosters are suitable for use in diet formulation for young broiler chickens.
MATERIALS AND METHODS
The protocols used in conducting these experiments were approved by the Institutional Animal Care and Use Committee of the University of Illinois at UrbanaChampaign.
Experimental Design
Two experiments were conducted that assayed 6 lipids from the same batches for available energy content using 2 different methods. Experiment 1 (Exp. 1) used conventional (non-cecectomized) adult Singe Comb White Leghorn roosters in a randomized complete block design to generate TME n values and subsequently RBV for the lipids via the slope-ratio PFRA. There were 4 replicates of each treatment run in each of 2 trials, with the trial period considered a blocking factor. There were 13 diets, with 8 roosters per diet, and the individual rooster was the experimental unit. In Experiment 2 (Exp. 2), male broiler chicks (Ross 308) were used in an energy-restricted growth assay where BW gain from 10 to 20 d posthatch was used to determine RBV of the same lipids that were used in Exp. 1. The experiment was conducted as a completely randomized design. There were 13 dietary treatments with each treatment having 5 replicate cages of 5 chicks per cage. A cage of chicks was considered the experimental unit.
Experimental Procedures
The procedures in Exp. 1 were as previously described (Sibbald and Wolynetz, 1986) , with some modifications. In brief, adult roosters were individually housed in cages with wire floors and nipple drinkers in an environmentally controlled room with a 16 h light: 8 h dark cycle. Prior to the initiation of the experimental period, roosters had unrestricted access to a nutritionally complete mash feed (16% CP, 2,800 kcal/kg AMEn, 3.6% Ca, 0.6% P) via a trough feeder. Roosters were fasted for 26 h before the initiation of the experiment and then were each tube fed 30 g of diet on an as-is basis. Excreta were collected on plastic trays for 48 h and subsequently placed into plastic containers and frozen until further processing.
The methods used in Exp. 2 were based on those of Squibb (1971), with major modifications. Male broiler chicks were obtained from a commercial hatchery and fed a nutritionally complete (NRC, 1994) mash starter diet (3,100 kcal/kg AME n , 23% CP, 1.1% total Ca, 0.8% total P) on the day of hatch. Chicks were housed in an environmentally controlled room with a 24 h light cycle in thermostatically controlled Petersime battery brooders (Petersime Incubator Co., Gettysburg, OH) with trough feeders and waterers. Feed was provided without restriction until 9 d posthatch, and then chicks were fasted overnight for 12 h. On d 10 posthatch chicks were individually weighed and wing banded, and allotted to treatment groups in such a way as to equalize initial body weight across treatments. Each cage of birds had a single trough-style feeder that was fitted with a divider that limited the feeder space to 20 cm to facilitate consumption of all feed present each day. Treatment diets were provided in restricted amounts each morning at 0800 h from 10 to 19 d posthatch, and mortality was accounted for before each feeding. Feed allotment for the first feeding (study day 0) was determined by multiplying published daily intakes (Aviagen, 2012) of birds of equivalent weight by 0.7 to achieve a 30% feed restriction. Each subsequent day's allotment was calculated as the next published day's intake multiplied by 0.7. On d 20 posthatch chicks were individually weighed. Body weight gain, total feed intake, and feed efficiency were calculated.
Test Lipids and Diets
The diets for Exp. 1 consisted of ground corn with test lipids added at 0, 5, and 10% at the expense of the ground corn. For Exp. 2, diets consisted of a basal diet (Table 1 ) with test lipids added at 0, 5, and 10% at the expense of cellulose as a non-nutritive filler. The basal diet was supplemented with amino acids to achieve levels that were 30% higher than the breeder recommendations (Aviagen, 2007) to ensure that energy rather than amino acids would be the growth-limiting factor. The lipids evaluated in both experiments were from the same batches and were chosen to vary widely in degree of saturation and other characteristics that are predictors of available energy content. The lipids evaluated were refined corn oil (RCO), a 2:1 blend of stearic acid (C18:0; Sigma-Aldrich Co. LLC, St. Lewis, MO) with RCO (SAB1), a 1:1 blend of C18:0 with RCO (SAB2), tallow (TW), poultry fat (PF), and corn oil from a corn ethanol plant (DDGSCO). Based on the lipid characteristics of free FA and saturated FA content, the expected ranking of lipids (lowest to highest) in terms of available energy content was SAB1, SAB2, TW, DDGSCO, PF, and RCO. The RCO was purchased from a commercial grocery retail outlet, TW and PF were obtained from a commercial rendering company, and the DDGSCO originated from a commercial dry-grind ethanol plant. The SAB1 and SAB2 lipid sources were included to mimic low quality lipids with both high free FA and high saturated FA content. 
Chemical Analysis
For Exp. 1, excreta were freeze-dried, and ground in a coffee grinder. Feeds, lipids, and excreta were analyzed for gross energy in an adiabatic bomb calorimeter (Model 1261, Parr Instruments, Moline, IL) that had been standardized with benzoic acid. Feeds and lipids were analyzed for total nitrogen by combustion (AOAC International, 2006; method 990.03 ). Feeds were also analyzed for DM (AOAC International, 2006; method 934.01) . Lipids used in Exp. 1 and 2, except the stearic acid, were analyzed for FA profile (AOAC International, 2006; methods 996.06, 965.49) , free FA concentration, moisture, insolubles, unsaponifiables, and iodine values (AOCS, 2013; methods Ca 5a-40, Ca 3a-46, Ca 6a-40, Ca 2c-25, Ja 14-91, respectively) at the Experiment Station Chemical Laboratories, University of Missouri-Columbia. At the same location, the diets used in the chick growth experiment were analyzed for amino acid, crude fat, calcium, and phosphorus composition (AOAC International, 2006; methods 982.30, 920.39, 975.03, and 985.01, respectively) .
Calculations and Statistical Analysis
Each experiment was analyzed using the GLM procedure of SAS (SAS Institute Inc, 2011) . Multiple linear regression of TME n (Y) on supplemental lipid inclusion level (X) for Exp. 1, and BW gain (Y) on supplemental lipid intake (X) for Exp. 2, was conducted according to Littell et al. (1995; 1997) for the slope-ratio and standard curve methods. The RBV of the test lipids were calculated by dividing the regression coefficient of the test lipids (i.e., slope) by the regression coefficient of RCO as the reference standard. Statistical comparisons were made between the regression coefficients of the test lipids and RCO within each experiment using the methods of Littell et al. (1995) which are based on a General Linear Test that determines if the two regression lines are parallel. A Tukey's multiple comparison test was used to separate means where appropriate. Statistical significance was accepted at a P < 0.05. Influential outliers were removed if careful analysis of the original data revealed a methodological or biological explanation (Freund and Littell, 2000) .
RESULTS AND DISCUSSION

Composition of Lipid Sources
The analyzed composition of the lipids used in Exp. 1 and Exp 2 are presented in Table 2 . The FA profile of RCO, TW, and PF are very similar to NRC (2012) values with no differences greater than 3% for any of the FA. The tallow we evaluated contained a sizable portion of other FA (7%) that fell outside the common ones listed in Table 2 , with the predominant FA being trans-C18:1 (elaidic acid) at 3% of total FA content. No information is available for corn oil derived from the ethanol industry in either the poultry (1994) or swine (2012) NRC; however, since the FA are derived from corn, the composition might be expected to be similar to conventional corn oil. Except for C16:0, which is 4% lower for DDGSCO than for corn oil (NRC, 2012), this assumption holds true. The FA profile of DDGSCO matches up closely with those of Kerr et al. (2016) , but is markedly different than that of Kim et al. (2013) , particularly in regards to C16:0 and C18:0 concentrations. As would be expected, TW and PF had higher levels of the saturated FA C18:0 and C16:0 and lower levels of the unsaturated FA C18:2 than the vegetable-based RCO and DDGSCO. Free FA content was low for all four lipids, and was lowest for the refined lipid (RCO) as would be expected. Similarly, moisture, insolubles, and unsaponifiables (MIU), which are non-lipid components which act as energy diluents (Leeson and Summers, 2001) and have been correlated with decreased growth performance in broilers (Pesti et al., 2002) , were generally low, with DDGSCO having the highest combined MIU value at 4.3%. Iodine values were reflective of FA profiles, with clear separation between the animal and vegetable-based lipids. Tallow and PF were the most saturated with values of 35.5 and 74.2, respectively, and DDGSCO and RCO were similar at 115.5 and 117, respectively. Gross energy was similar for all lipids.
Experiment 1 -Adult Roosters
The results of Exp. 1 for the PFRA are presented in Table 3 . There was no significant effect of trial period (P > 0.9); thus, the sums of squares due to block were pooled into the error term. Adding 5 or 10% lipid to the ground corn yielded increases (P < 0.05) in mixed diet TME n for all lipid types except for SAB1. There were increases (P < 0.05) in TME n of the mixed diet when lipid inclusion increased from 5 to 10% for RCO, PF, and DDGSCO. As SAB1, SAB2, and TW are more saturated in comparison to RCO, PF, and DDGSCO, these differences may be due to decreasing utilization of the more saturated lipid sources with increasing lipid inclusion levels as has been frequently reported (Duckworth et al., 1950; Sibbald and Kramer, 1978; Halloran and Sibbald, 1979; 1980a,b; Wiseman et al., 1986; Wiseman and Lessire, 1987; Wiseman and Salvador, 1989; Vilà and Esteve-Garcia, 1996a,b; Dei et al., 2006) .
The TME n values for the lipid as calculated by difference were in excess of their gross energies for RCO at both 5 and 10% inclusion (1 kcal/g), TW at 5% (0.6 kcal/g), PF at 5 and 10% (0.2 and 1.1 kcal/g, respectively), and DDGSCO at 5 and 10% (0.8 and 0.4 kcal/g, respectively). Thus, extra metabolic effects 1 Abbreviations: relative bioavailability value (RBV), refined corn oil (RCO), stearic acid blend 1 (SAB1), stearic acid blend 2 (SAB2), tallow (TW), poultry fat (PF), corn oil derived from an ethanol plant (DDGSCO).
2 Lipid was added at the expense of the 100% ground corn basal (0% added lipid).
3 Values represent least squares means of 8 roosters. 4 RBV = relative bioavailability value as determined via the slope ratio method. The multiple linear regression of diet TME n (Y, kcal/g DM) on lipid level (g/g diet) from RCO (X 1 ± SE), SAB1 (X 2 ± SE), TW (X 3 ± SE), PF (X 4 ± SE), or DDGSCO (X 5 ± SE) yielded the equation Y = 3.924 + 6.340 ± 0.416X 1 + 1.418 ± 0.416X 2 + 4.578 ± 0.416X 3 + 6.144 ± 0.416X 4 + 5.732 ± 0.416X 5 with an R 2 of 0.83. The SAB1 treatment was not included in the multiple linear regression equation due to non-linearity of this treatment.
4 SAB1 consists of a mixture of a 2:1 ratio of stearic acid (C18:0) to RCO.
5 SAB2 consists of a mixture of a 1:1 ratio of stearic acid (C18:0) to RCO.
6 RBV for SAB2 was calculated separately for each level of inclusion using the standard curve method due to non-linearity of the response of TME n on lipid level from RCO (X 1 ± SE) and from SAB2. The standard curve regression of diet TME n (Y, kcal/g DM) on lipid level (X, g/g) from RCO (X 1 ± SE) and SAB2 (X 2 ± SE) yielded the equations Y = 3.900 + 6.618 ± 0.406X 1 + 5.292 ± 0.778X 2 with an R 2 of 0.90 for 5% SAB2, and Y = 3.900 + 6.618 ± 0.421X 1 + 2.896 ± 0.403X 2 with an R 2 of 0.90 for 10% SAB2. These RBV were not included in the statistical comparison of RBV of RCO.
as defined by Horani and Sell (1977) were occurring for some lipid sources.
When the TME n of the lipid source was calculated by difference, there was no longer any significant effect of lipid inclusion level as expected due to the calculation by difference taking into account the inclusion level of the lipid source (Han et al., 1976) . With the exception of PF, lipid TME n by difference decreased numerically with increasing lipid inclusion level, and was more pronounced for the more saturated SAB1, SAB2, and TW lipid sources. This is consistent with previous work that has also shown decreases in lipid TME n at higher inclusion rates (Sibbald and Price, 1977; Halloran and Sibbald, 1979; Dale and Fuller, 1981 ; Aardsma and Parsons, 2016), particularly with highly saturated lipids as discussed previously. This may be attributed to decreases in the digestibility of FA as lipid inclusion increases (Vilà and Esteve-Garcia, 1996a) , changes in total U:S ratio, and possibly decreases in the extra metabolic effect as a proportion of total metabolized energy as lipid inclusion increases. This latter possibility can be illustrated by a simplified example. The total energy obtained by the bird from the mixed diet can be described as: E T = E L + E EM where E T is the total measured energy utilization, E L is the utilized energy originating from the supplemental lipid, and E EM is the utilized energy originating from the extra metabolic effect. If the assumption is made that the extra metabolic effect reflects small increases in the utilization of the basal diet in the presence of supplemental lipid (Dale and Fuller, 1981; Mateos and Sell, 1981a,b) , and is relatively constant over a range of supplemental lipid levels, it is clear that the proportion of total energy provided by E EM will decrease with increasing inclusion of supplemental lipid and thus will have the largest impact at low inclusion of dietary lipid.
When TME n of the mixed diets was regressed on lipid level via multiple linear regression, the resulting RBV of the test lipid can be calculated relative to RCO as the reference standard. The RBV of SAB1, TW, PF, and DDGSCO were 22, 72, 96, and 90%, respectively. The RBV of SAB1 and TW were lower (P < 0.001) than the RBV of 100 for RCO while PF and DDGSCO were not different than RCO.
Poultry fat and DDGSCO are characterized by higher proportions of unsaturated FA as compared to SAB1, SAB2, and TW, and were well utilized as demonstrated by high RBV values (96 and 90%, respectively) that were not different than that of RCO (P > 0.05). This is in agreement with previous findings that poultry fat is an excellent source of energy for poultry (Cullen et al., 1962) , and that corn oil and poultry fat are equivalent in available energy content (Squires et al., 1991) . Recent data also indicate that corn oil derived from corn ethanol production is a good source of available energy for broilers, with samples with low free FA content having AME n values of 8.072 kcal/g lipid as-is, and lipid digestibility values of 92% (Kerr et al., 2016) .
The SAB1, SAB2, and TW lipids were included in the experiment to provide poorly and moderately utilized lipids to validate that the assay could detect and quantify the lower available energy contents. Stearic acid has been shown to be very poorly digested (Sunde, 1956; , and since it was added to the diets as a free FA it would be expected to have further negative effects on lipid utilization (Young and Artman, 1961; Shannon, 1971; . Tallow is not commonly used in poultry diets as it is relatively poorly utilized (Sibbald et al., 1962; Halloran and Sibbald, 1979) . The low RBV of SAB1 and TW indicates that the assay was able to detect that these lipid sources were less well utilized by poultry than RCO, consistent with expectations.
We hypothesized that the supplemental stearic acid (C18:0) would be absorbed to a greater degree in the presence of greater proportions of the highly unsaturated RCO (Ketels and De Groote, 1989) and would result in low TME n and RBV values for SAB1 (2:1 ratio of stearic acid:RCO) and slightly higher values for SAB2 (1:1 ratio stearic acid:RCO). Overall this expectation was met with lower TME n values for mixed diets for SAB1 (4.032 and 4.046 kcal/g for 5 and 10% inclusion, respectively), and higher TME n values for mixed diets for SAB2 (4.165 and 4.120 kcal/g for 5 and 10% inclusion, respectively). The TME n values for the SAB2 mixed diets yielded a non-linear response which violated the statistical assumptions of the slope-ratio approach (Littell et al., 1995) . Therefore the RBV for SAB2 were calculated for each inclusion level (5 and 10%) using the standard curve method (Littell et al., 1995) . The resulting RBV for SAB2 (80 and 44% at 5 and 10%, respectively) were not included in the statistical comparisons of the RBV of the other lipid sources to RCO.
The large change in lipid TME n values as calculated by difference for SAB2 is likely due to changes in the U:S ratio of the complete diet as the lipid supplementation level changed. Both the ground corn and the supplemental lipid contribute FA to the complete diet. Each rooster was fed 30 g of complete diet on an as-is basis. At 5% supplementation, the corn would contribute about 1 g lipid, and the supplemental lipid would contribute about 1.5 g lipid. At 10% inclusion, the corn would contribute about 0.94 g of lipid, and the supplemental lipid about 3 g of lipid. Thus, if the U:S ratio of the supplemental lipid is markedly different than that of the lipid in the basal diet (ground corn in our case), the overall U:S of the mixed diet will change with lipid supplementation level. The calculated U:S ratio of the mixed diets for the stearic acid blends is as follows: SAB1 at 5%, 1.1:1; SAB1 at 10%, 0.7:1; SAB2 at 5%, 1.5:1; SAB2 at 10%, 1.1:1.
The overall U:S ratio has been shown to be very important for the uptake of saturated FA (Ketels and De Groote, 1989; Blanch et al., 1995) . It has been demonstrated that AME n and apparent lipid digestibility respond quadratically to increases in total dietary U:S ratio, with large changes at low ratios. Using a wide range of lipid sources, it was observed that when the U:S ratio changed from 1:1 to 2:1, AME n increased from 5.3 kcal/g of lipid to 7.2 kcal/g lipid, and apparent lipid digestibility increased from 55 to 78% (Ketels and De Groote, 1989) . Maximal values for both AME n and lipid digestibility values were realized at a U:S ratio of 4:1 in the latter study. Given the sensitivity of lipid utilization to U:S ratios between 1:1 and 2:1, this may explain the large change for SAB2 utilization between 5 and 10% inclusion. At 5% inclusion the U:S ratio (1.5:1) may have been high enough to stimulate substantial C18:0 utilization, as evidenced by the TME n value of 9.186 kcal/g and the RBV of 80%. When the U:S ratio decreased to 1.1:1 the TME n of the lipid decreased by 26% to 6.794 kcal/g and the RBV decreased by nearly half to 44%. This may also explain why SAB1 did not have a nonlinear response, as U:S ratios may never have gotten high enough to stimulate large uptake of the C18:0 even at the maximum U:S achieved at the 5% supplementation level (1.1:1).
Experiment 2 -Broiler Chicks
The calculation method for the feed allotment (Table 4) was adequate for the 10 d study period used here, but may not be suitable for longer experimental periods. The restricted feed intake used decreased the BW gain of chicks about 100 g over the 10 d period as compared the expected BW gain of ad libitum fed broilers in Table 4 (Aviagen, 2012) . As a result, there was increasing divergence of actual BW from expected chick BW over time. Thus, the actual degree of feed restriction likely became less than 30% as the study progressed. A more complex calculation could be used to take this into account, and could be important in preventing feed refusals if the study duration was increased. In a preliminary experiment conducted in our laboratory using both the same age and strain of chick, both 20% and 30% feed restriction were evaluated using this same calculation scheme, and 20% restriction was deemed not adequate due to feed refusals (data not shown). For the present study there were no feed refusals, and a linear increase in growth was obtained from the highly digestible RCO reference standard, indicating that birds were successfully energy restricted (Rice et al., 1957; Squibb, 1971) . Thus, a 30% feed restriction is acceptable for running this type of assay with commercial broiler chicks for a 10 d duration from 10 to 20 d posthatch.
The results of the chick growth study are presented in Table 5 . Mortality was low (0.9%) and occurred in the first few days of the study (data not shown). Two pens of chicks were identified as being influential outliers. One pen of chicks fed 10% DDGSCO was found to contain a very small chick, and thus the remaining chicks 1 Abbreviations: relative bioavailability value (RBV), refined corn oil (RCO), stearic acid blend 1 (SAB1), stearic acid blend 2 (SAB2), tallow (TW), poultry fat (PF), corn oil derived from an ethanol plant (DDGSCO).
2 Lipid was added at the expense of cellulose to the 0% added lipid diet.
3 Experimental unit was a pen of 5 chicks. 4 RBV = relative bioavailability value as determined via the slope ratio method. The multiple linear regression of BW gain (Y, g) on lipid intake (g) from RCO (X 1 ± SE), SAB1 (X 2 ± SE), SAB2 (X 3 ± SE), TW (X 4 ± SE), PF (X 5 ± SE) or DDGSCO (X 6 ± SE) yielded the equation Y = 269.89 + 1.82 ± 0.08X 1 + 0.41 ± 0.08X 2 + 0.84 ± 0.08X 3 + 1.39 ± 0.08X 4 + 1.74 ± 0.08X 5 + 1.78 ± 0.09X 6 with an R 2 of 0.94. 5 SAB1 consisted of a mixture of 2:1 ratio of stearic acid (C18:0) to RCO. 6 SAB2 consisted of a mixture of 1:1 ratio of stearic acid (C18:0) to RCO. in the pen were likely receiving more feed per unit BW than anticipated which may have led to differential tissue formation with more energy being deposited as fat than other treatments. One pen of chicks fed the 0% supplemental lipid diet had markedly lower growth as compared to other pens on that treatment for unknown reasons and was excluded from the analysis.
The BW gain of chicks increased (P < 0.05) due to supplemental lipid inclusion for all treatments except SAB1 at 5% inclusion. Due to the low inclusion level and the high C18:0 content of this treatment this result is not surprising. As previously discussed there were no feed refusals throughout the study, thus feed intakes were identical for all pens. As a result, feed efficiency reflected BW gain with birds that grew more also being more efficient.
The RBV of the lipids increased in order of expected available energy content of the lipids, indicating that chick growth was predictably reflecting available energy content. The RBV for SAB1 (22%), SAB2 (46%), and TW (76%) were lower (P < 0.001) than RCO, while those of PF (96%) and DDGSCO (97%) were not significantly different than RCO. The very low RBV for SAB1 indicates that the high levels of C18:0 were poorly utilized. While the RBV of SAB2 is still low as expected, it was more than twice as high as SAB1. This reflects the lower C18:0 and higher RCO content of SAB2 than of SAB1. Based on the high utilization of corn oil (Renner and Hill, 1960; Whitehead and Fisher, 1975) and the low utilization of stearic acid (Sunde, 1956; , these data are as anticipated. Tallow is not highly utilized by poultry (Wiseman and Salvador, 1989) , likely due to it low U:S ratio (Artman, 1964; Ketels and De Groote, 1989) . The RBV of 76% for TW is consistent with these reports and is very similar to the standardized digestibility of tallow of 74% that was determined in 8 wk posthatch turkey poults (Whitehead and Fisher, 1975) . The RBV of PF and DDGSCO were very similar to RCO. These very high RBV indicate that these lipids are excellent energy sources for the growing chick as has been reported previously (Kim et al., 2013; Kerr et al., 2016) .
The basal diet used in the chick growth assay (Table 1 ) was designed to contain practical ingredients to mimic a commercial starter diet. The levels of amino acids, vitamins, and minerals were increased by 30% to account for the 30% feed restriction to ensure that energy was the growth limiting factor. However, due to a feed formulation error, the wrong inclusion level of 0.05%, or one pound per ton, was used for the vitamin and trace mineral premixes; thus, the basal diet contained lower amounts of vitamins and trace minerals than intended. Despite this error there is no indication that growth was restricted by anything other than energy as the addition of supplemental lipids at each level of inclusion resulted in additional growth and excellent linearity (R 2 = 0.94). It is classically held that an organism will only grow until restricted by the scarcest nutrient (i.e., Sprengel-Liebig Law of the Minimum; van der Ploeg et al., 1999).
The lack of response to the lower inclusion of the vitamin and trace-mineral mixes than intended may be due to several factors. First, when the vitamin and trace-mineral contributions from the dietary ingredients (NRC, 1994; Leeson and Summers, 2001) were taken into account, the majority of the requirements of the chick were still met. The nutrients most deficient in the diet were selenium (42% of requirement), niacin (51% of requirement), riboflavin (55% of requirement), and manganese (61% of requirement), with all others close to or in excess of requirements. Second, chicks were fed a standard corn-soybean meal starter diet from 0 to 9 d posthatch that was supplemented with normal levels of vitamins and trace minerals that provided the following per kg of complete diet: retinyl acetate, 4,400 IU; cholecalciferol, 25 μg; DL-α-tocopheryl acetate, 11 IU; vitamin B12, 0.01 mg; riboflavin, 4.41 mg; D-pantothenic acid, 10 mg; niacin, 10 mg; menadione sodium bisulfite, 2.33 mg, manganese, 75 mg from MnSO4·H2O; iron, 75 mg from FeSO4·H2O; zinc, 75 mg from ZnO; copper, 5 mg from CuO4·5H2O; iodine, 0.75 mg from ethylene diamine dihydroiodide; and selenium, 0.1 mg from Na2SeO3. Given the fully or more than adequate vitamin and trace-mineral contents of this starter diet, chicks would have been able to establish tissue reserves of many vitamins and trace minerals before the initiation of the experiment. Rice et al. (1957) postulated that due to the short duration of these type of growth assays, growth of the animal would be somewhat robust to dietary deficiencies of some nutrients. While it would certainly be desirable to rule out this factor in future studies, one serendipitous finding is that our results lend support to the assumptions of Rice et al. (1957) .
Comparisons between Roosters and Broiler Chicks
There was marked similarity among the RBV for Exp. 1 and Exp. 2 (Figure 1) . The RBV for both SAB1 and PF were identical between assays, with SAB1 at 22%, and PF at 96%. The RBV of TW was slightly lower (4 percentage units) in the roosters than in the chicks. The largest difference between the assays was for DDGSCO, where RBV was approximately 6 percentage units lower in the roosters (90%) than in the chicks (96%).
That the values would be equal or lower in roosters than in chicks is opposite of what was expected, as a number of studies have shown that older chickens utilize lipids better than younger chickens (Renner and Hill, 1960; Lessire et al., 1982; Polin and Hussein, 1982) , although it should be kept in mind that broiler genetics and physiology have changed considerably since these data were published (Thomas et al., 2008) . Adaptation time to the diet has been shown to impact lipid utilization . Therefore, one possible explanation is that the chicks were fed treatment di- ets for a longer period of time than the roosters (10 d vs. a single tube-feeding, respectively) and may have adapted better to the diet resulting in better utilization of the lipids. If this occurred, it might have been enough to at least partially counteract any effect of age. Alternatively, as the majority of improvement in energy and lipid digestibility has been reported to occur by 7 to 14 d posthatch (Polin and Hussein, 1982; Batal and Parsons, 2002; Thomas et al., 2008) , it may be that the broiler chicks in our study had already reached the age of adult-like lipid utilization.
Unlike the TME n values for SAB2 from Exp. 1, the chick growth data for SAB2 from Exp. 2 were linear. One explanation for the difference is that the basal diet type was different between the 2 experiments leading to different U:S ratios of the mixed diets. Exp. 1 utilized a ground corn basal, while Exp. 2 used a basal diet primarily comprised of corn (42%), soybean meal (40%), and meat and bone meal (3%). The U:S ratios for the C18:0 blend diets in Exp. 2 are: SAB1 at 5%, 0.81:1; SAB1 at 10%, 0.61:1; SAB2 at 5%, 1.27:1; SAB2 at 10%, 1.02:1. For Exp 1, these same ratios were SAB1 at 5%, 1.1:1; SAB1 at 10%, 0.7:1; SAB2 at 5%, 1.5:1; SAB2 at 10%, 1.1:1. Thus, there was less difference between the 5 and 10% SAB2 lipid inclusion level in terms of U:S ratio for Exp. 2 than for Exp. 1, which would be expected to decrease the differences in lipid utilization of the mixed diet between 5 and 10% lipid inclusion for SAB2 (Ketels and De Groote, 1989 ).
In conclusion, there was excellent agreement between RBV obtained from roosters and broiler chicks, and the slope-ratio PFRA was shown to accurately reflect the available energy content of lipids varying widely in composition. As the chick growth assay yielded very similar results as the slope-ratio PFRA, RBV from the sloperatio PFRA appear to be suitable for use in diet formulation with young broiler chickens. Both assays are viable methods for rapid in vivo determination of lipid utilization, and each has its own unique advantages.
The slope-ratio PFRA is short in duration but requires laboratory analysis of samples before results can be attained, while the chick growth assay takes longer to run and requires daily feedings of precise amounts, but does not require extensive laboratory analysis. Thus, the slope-ratio PFRA and the chick growth assay used herein are 2 equivalent methods for quantification of the available energy content of lipids.
